Abstract
Spin asymmetries of semi-inclusive cross sections for the production of positively and negatively charged hadrons have been measured in deep-inelastic scattering of polarized positrons on polarized hydrogen and 3 The understanding of the spin structure of the nucleon in terms of quarks and gluons remains a w x challenge since it was demonstrated by EMC 1 and w x later experiments 2-13 using inclusive deep-inelas-Ž . tic scattering DIS that only a fraction of the nucleon spin can be attributed to the quark spins and that the strange quark sea seems to be negatively w x polarized 14 . These conclusions follow from the extraction of the first moments of up, down and strange quark spin distributions from the inclusive Ž . data by assuming SU 3 flavor symmetry. With f semi-inclusive polarized deep-inelastic scattering experiments, the separate spin contributions Dq of f quark and antiquark flavors f to the total spin of the nucleon can be determined as a function of the Bjorken scaling variable x. Semi-inclusive data can be used to measure the sea polarization directly and Ž . to test SU 3 symmetry by comparing the first f Ž . moments of the flavor distributions to the SU 3 f predictions.
Hadron production in DIS is described by the absorption of a virtual photon by a point-like quark and the subsequent fragmentation into a hadronic 1 Deceased. final state. The two processes can be characterized by two functions: the quark distribution function Ž 2 . h Ž 2 . q x,Q , and the fragmentation function D z,Q . Ý
The sum is over quark and antiquark types f s Ž . u,u,d,d, s, s . In the target rest frame, E is the h energy of the hadron, n s E y E X and yQ 2 are the energy and the squared four-momentum of the ex-Ž X . changed virtual photon, E E is the energy of the Ž . incoming scattered lepton and e is the quark f charge in units of the elementary charge. The Bjorken variable x is calculated from the kinematics of the scattered lepton according to x s Q 2 r2 Mn with M being the nucleon mass. It is assumed that the fragmentation process is spin independent, i.e. that the probability to produce a hadron of type h from a quark of flavor f is independent of the relative spin orientations of quark and nucleon. The spin asymmetry A h in the semi-inclusive cross section for produc-1 ( ) tion of a hadron of type h by a polarized virtual photon is given by on the proton and neutron for positively and negatively charged hadrons. This paper reports on the extraction of polarized quark distribution functions from data taken by the w x HERMES experiment 15 using the 27.5 GeV beam of longitudinally polarized positrons in the HERA storage ring at DESY, incident on a longitudinally polarized 3 He or 1 H internal gas target.
The positron beam at HERA becomes transversely polarized by synchrotron radiation emission w x through its asymmetric spin-flip probabilities 16 . The required longitudinal polarization direction at the HERMES experiment is obtained using spin rotators located upstream and downstream of the w x experiment 17 . The beam polarization is measured continuously using Compton backscattering of circuw x larly polarized laser light 18,19 . The average polarization for the analyzed data was 0.55. The fractional statistical error for a single 60 s polarization measurement was typically 1-2% and the overall frac-Ž . . mT magnetic field parallel to the beam direction Ž . and was reversed every 10 1-2 minutes. The polarizations of the 3 He gas in both the pumping and the storage cell were measured continuously with optical polarimeters. The average 3 He target polarization was 0.46 with a fractional uncertainty of 5%. The relative populations of the hydrogen atomic states w x were measured in a Breit-Rabi polarimeter 24 . A target gas analyser was used to measure the atomic and the molecular content of the hydrogen gas. The average proton target polarization was 0.86 with a fractional uncertainty of 5%. The luminosity was measured by detecting Bhabha-scattered target electrons in coincidence with the scattered positron. During the course of a positron fill of typically 8 hours, the current in the ring decreased from typically 40 mA at injection to about 10 mA.
The HERMES detector is an open-geometry forward spectrometer. A detailed description is given in w x Ž . Ref. 25 . The geometrical acceptance of " 40-140 mrad in the vertical direction and "170 mrad in the horizontal direction allows detection of hadrons produced in coincidence with the scattered lepton. The DIS trigger is formed from a coincidence between signals in scintillator hodoscope planes and a leadglass calorimeter. The identification of the scattered lepton is accomplished using the calorimeter, a preshower counter, a transition radiation detector, ( ) and a gas threshold Cerenkov counter. This system provides positron identification with an average efficiency of 98% and a hadron contamination of lesš than 1%. The threshold Cerenkov counter provides pion identification in a limited kinematic range.
Polarized quark distributions have been extracted from a combination of inclusive and semi-inclusive asymmetry data on 3 He and hydrogen. As the wave function for 3 He is dominated by the configuration with the two protons paired to zero spin, most of the 3 w x asymmetry from He is due to the neutron 26 . The w x analysis procedure described in Refs. 12,13,27,28
Ž . was applied. The inclusive semi-inclusive asymmetry A Ž h. was extracted from the measured asymmetry
where D is the depolarization factor for the virtual photon and h is a kinematic factor as given in Ref. w x Ž . 13 . In Eq. 3 the approximation is used that the contribution of the second spin structure function g 2 to A Ž h. can be neglected. In the kinematic region of 1 our measurement g was previously measured to be 2 consistent with zero for the proton and neutron w x Ž h. 29,30 . In each kinematic bin the value of A was I extracted from the measured counting rates using
Ž . Ž . events were available for analysis on He H . Here, y s nrE is the fractional energy transfer to the virtual photon and W is the invariant mass of the initial photon-nucleon system. The data cover the ranges 0.023 -x -0.6 and 1 GeV 2 -Q 2 -10 GeV 2 . For the semi-inclusive asymmetries, the hadrons containing information on the struck quark were distinguished from target region fragments by requiring each hadron to have a minimum z of 0.2 and
momentum of the hadron with respect to the virtual photon in the photon-nucleon center of mass frame. A minimum W 2 cut of 10 GeV 2 was additionally imposed for these events to improve the separation between the current and target fragmentation regions. 3 Ž 3 . After applying all cuts, 284 = 10 306 = 10 posi-3 Ž 3 . tive and 178 = 10 175 = 10 negative hadrons 3 Ž . remained for the He H target. Small corrections were applied to account for charge symmetric back-Ž q y . ground processes e.g. g ™ e e . Smearing corrections were applied to all data and QED radiative corrections were applied only to the inclusive asymmetries, but not to the semi-inclusive asymmetries, w x where the corrections are negligible 31,32 .
The dominant sources of systematic uncertainties in the measured asymmetries are: the target and beam polarization measurements, the uncertainty assigned for observed yield fluctuations in the 3 He data w x w x 12 and the systematic uncertainty on R 13 . By averaging over data taken with opposite beam helicities, a possible instrumental bias is further reduced. Fig. 1 shows the extracted inclusive asymmetries and the semi-inclusive asymmetries for positively and negatively charged hadrons on both targets. The h Ž 2 . measured spin asymmetries A x,Q , z were inte-1 grated in each x bin over the corresponding Q 2 -range h Ž . and the z-range from 0.2 to 1 to yield A x . Also 1 shown are inclusive results measured at a similar w x energy at SLAC 5,6,29,33 and hadron asymmetries w x on hydrogen measured by SMC 34 . The data are in agreement within the quoted uncertainties. The agreement of the HERMES data with the SMC data, taken at 6-12 times higher average Q 2 , shows that the semi-inclusive asymmetries are Q 2 independent within the present accuracy of the experiments.
Ž . Eq. 2 is used to extract polarized quark distribution functions from semi-inclusive asymmetries. It can be written as Ž .
H
The inclusive asymmetry A is similarly expressed 1 h Ž . Ž .
contains as elements the measured asymme-1He Ž . tries. The vector Q x contains the quark and antiquark polarizations. The matrix P P contains the effective integrated purities for the proton and 3 He as Ž . Ž 2 . well as the 1 q R r 1 q g factor. These purities describe the probability that the virtual photon hit a ( ) quark of flavor f when a hadron of type h is detected in the experiment. They include the effects of the acceptance of the experiment and have been determined with a Monte Carlo simulation using the w x LUND string fragmentation model 36 , a model of the detector, the CTEQ Low-Q 2 parametrizations w x 37 for the unpolarized parton distributions and valw x ues for R from Ref. 38 . The LUND fragmentation parameters were tuned to fit the measured hadron multiplicities. For the 3 He data, a correction was applied for the non-zero polarization of the protons of y0.028 " 0.004 and the neutron polarization of w x Ž . Ž . 0.86 " 0.02 39 . Eq. 7 can be solved for Q x by minimizing
where V V is the covariance matrix of the asymme-A try vector A. In the fit procedure constraints were imposed on the sea polarization to improve statistical significance. In view of rather ambiguous theoretical w x model predictions 40,41 , two alternatives were chosen for relating the spin distributions of the sea flavors. As a first possibility it was assumed that the Ž . Ž . polarization Dq x rq x of sea quarks is indepen- 
Ž .
This approach is used for all calculations unless otherwise stated. As a second approach, a pure singlet spin distribution of the sea is considered:
The flavor decomposition is obtained by solving Ž . Eq. 7 for a vector Q, which contains the sum of quarks and antiquarks The overall x 2 per degree of freedom of the fit is 1.1. The systematic uncertainties, shown by the shaded band in Fig. 2 , were determined from the uncertainties on the measured asymmetries, the unpolarized parton distributions and the purities. The uncertainty on the unpolarized parton distributions was derived w x by comparing different parametrizations 37,42 of Ž Ž . Ž .. Ž Ž . the polarized x Du x sea distribution is shown in w x the lower plot. Fig. 4 includes results from SMC 34 obtained at Q 2 s 10 GeV 2 , which are shown here for the x-range explored by HERMES and which are extrapolated to Q 2 s 2.5 GeV 2 by assuming a Q 2 -Ž . Ž . independent polarization Dq x rq x . The SMC results are derived under the assumption presented in Ž . Ž . Eq. 10 rather than 9 . The positivity limit and a w x parametrization of data from Ref. 46 are included in Fig. 4 . The parametrization and the SMC results x Du x are much smaller than for the SMC data.
In the quark parton model the isospin non-singlet
y Dd x is directly related to the spin structure NS Ž . Ž p Ž . functions according to Dq x s 6 g x y 1 n Ž .. g x . Fig. 5 illustrates that the HERMES result for x is in good agreement with parametrizations of other published inclusive data.
The first and second moments of spin distributions have been calculated and compared to other experimental data and to model predictions. In the measured x-region, the integral Dq is obtained as Table 1 The integrals of various spin distributions. The results are given for the measured region 0.023 -x -0.6, for the low-x extrapolation and for the total integral. Note that the entry for Ds q Ds does not represent a direct measurement of the strange sea but relies on the assumption in Ž . Ž . Eq. 9 see text . An uncertainty of the Regge-type extrapolation at low-x is not included in the quoted error for the total integral. The items ) Ž .
Ž . x Du and x Dd denote the second moments. Dq uses Eq. 10 whereas all other quantities use Eq. 9 as symmetry condition. The . which are dominated by inclusive data see Fig. 6 .
In the second case we assume a flavor asymmetric Ž . polarized sea according to Eq. 9 and obtain from the semi-inclusive analysis the result Dq s 0.32 " 
²
: ² :
The model yields Dq s 0.35 " 0.07. 8 The results are compatible with both assumptions and do not allow for a definite statement about the question whether the polarized quark distributions Ž . violate SU 3 flavor symmetry. A direct measurement of the strange sea is required for a final conclusion about the reason for the violation of the Ellis-Jaffe sum rule.
The first and second moments of the valence spin Ž . Ž . distributions Du x and Dd x have been ex-Õ Õ Ž . tracted see Table 1 and are compared to SMC w x Ž . results 34 see Table 2 . For this comparison the Table 2 Comparison of the HERMES integrals of valence and sea spin distributions with SMC results. The SMC values are extrapolated to Q 2 s 2.5 GeV 2 and integrated over the HERMES x-range of 0.023-x -0.6. Ž . GeV and integrated according to Eq. 12 in the HERMES x-range. There is good agreement with the SMC data. Significant deviations are observed between the measured first and second moments of Ž . w x Du x from predictions by lattice QCD 59 . Notice Õ however, that the QCD calculation has been performed in the quenched approximation. The relative factor between the measured value and the lattice Ž . value for the second moment of Du x is similar to Õ w x that observed in the unpolarized case 60 .
HERMES
In summary, inclusive and semi-inclusive spin asymmetries on longitudinally polarized hydrogen and 3 He targets were measured and used to extract the individual quark spin polarizations for up and down quarks, and for valence and sea quarks. The up distributions are positive, the down distributions are negative and the sea quarks show no significant polarization. The values for the integrals of the polarized quark distributions have been determined at Q 2 s 2. 
